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Supporting Information
ABSTRACT: An efficient enantioselective Me 2 Zn-mediated mono addition of phenylacetylene to α-diketones in the presence of a chiral perhydro-1,3-benzoxazine ligand is described. At temperatures higher than -20 ºC a kinetic resolution of the resulting α-hydroxy ketone occurs which greatly improves the enantioselectivity although with moderate chemical yield. The alkynylation of nonsymmetrical aromatic diketones with electronically different substituents on the aromatic rings proceed with high regioselectivity. This procedure allows the preparation of α-hydroxy-α-ynyl-ketones as highly enantioenriched materials.
Enantioenriched α-hydroxy ketones are a particularly valuable class of chiral building blocks in organic synthesis, which are widely employed in the preparation of several bioactive molecules and natural products, 1 as well as chiral auxiliaries for asymmetric synthesis. 2 In addition, they can be used for the further formation of many other important structures as amino alcohols, diols or α-hydroxy ethers. 3 Various methods have been developed for the enantioselective synthesis of α-hydroxy ketones including oxidation of enolates 4 and enol ethers, 5 the direct asymmetric α-oxygenation of ketones in the presence of chiral catalyst, 6 the asymmetric mono-oxidation of the correspondent 1,2-diols, 7 the ketohydroxylation of olefins, 8 the oxidative kinetic resolution of racemic α-hydroxy ketones, 9 the asymmetric hydrogenation of α-diketones, 10 the traditional benzoin condensation carried out stereoselectively by means of optically active catalysts 11 as well as different biocatalytic strategies. 12 Although the mono-addition of organometellic reagents to α-diketones produce tertiary α-hydroxy carbonyl compounds not readily available by other routes, the asymmetric version of this reaction has been less studied and only some examples of rhodium-catalyzed asymmetric1,2-addition of arylboronic acids to α-diketones have been reported. 13 Over the past years, the asymmetric addition of organozinc reagents to aldehydes in the presence of chiral ligands has been one of the most useful approaches to the synthesis of secondary alcohols with high enantiomeric purity. 14 By contrast the access to chiral tertiary alcohols enjoys limited success due to the low reactivity of these reagents toward the ketone carbonyl group and the difficulty in controlling facial stereoselectivity. More reactive ketones, such as α-ketoesters, could be an advantage in terms of reactivity, although not for the enantiocontrol. Ketoesters can act as chelating ligands by itself and activate the organometallic reagent, which results in a strong background reaction. Because of that, scarce examples of catalytic asymmetric additions with a chiral ligand have been reported. 15 Recently, we have shown that the conformationally restricted chiral perhydro-1,3-benzoxazines behave as excellent ligands for the enantioselective addition of organozinc derivatives to aldehydes and α-keto esters, 16 and in this way we envisioned their utilization as ligands for the enantioselective mono-alkynylation of α-diketones. 17, 18 To the best of our knowledge, no successful examples of enantioselective addition of organozinc derivatives to α-diketones are known. The resulting enantioenriched α-hydroxy α-alkynyl carbonyl compounds are interesting chiral highly functionalized building blocks for organic synthesis. 19, 20 We first screened a series of easily prepared 1,3benzoxazines 1a-f 21 as chiral ligands (20 mol %) in the model reaction of 1,2-diphenylethane-1,2-dione 2a with the alkynylzinc derivative prepared from phenylacetylene and dimethylzinc in toluene at room temperature and the results are collected in Table 1 . The reaction of diketone 2a with the alkynylzinc derivative in the presence of most of these ligants afforded the product of mono-alkynylation 3a in low to moderate enantioselectivity ( Table 1 , entries 1, 3-6). Interestingly, the benzoxazine 1b stood out with much higher efficiency than the others (Table 1, entry 2) (96:4 er). In all cases the chemical yield was low. The structure of chiral ligand 1e is similar to 1b but provided poor enantioselectivity ( Table 1 , entry 5) (67:33 er). Both 1b and 1e possess a bulky isopropyl group on the tertiary stereocenter on the carbon that bears the hydroxy group. The difference between 1b and 1e is the former bears an additional isopropenyl substituent, the latter another isopropyl substituent. The sterically less hindered isopropenyl of 1b seems more suitable for enantioselective reaction. The 1,2-isopropyl di-substituents of 1e would be too crowded. In all cases the starting diketone 2a was completely consumed but secondary reactions occurs in the reaction conditions tested and a complex mixture of unidentified products together with the desired α-hydroxyketone 3a was formed. With the best ligand in hand, in the subsequent studies we turned our attention to the other reaction parameters including reaction temperatures, reaction times, solvents and catalyst loadings. Surprisingly, reaction temperature seems to play an adverse effect on the enantioselectivity. When the temperature was decreased from 0 °C to -10 °C, the isolated yields were improved from 35% to 76% whilst the enantioselectivity declined from 96:4 to 92:8 er (Table 1 , compare entry 7 versus entry 2), nevertheless at -20 ºC the isolated yield and the enantiomeric excess again improved ( Even an enantioselectivity greater than 99:1 er was reached after 48 h of reaction, although only a 18% of 3a was isolated ( Table 1 , entry 13). These results indicate that a kinetic resolution takes place on the reaction product at 0 ºC due to the overaddition of the organometallic species to the α-hydroxy ketone, 22 This process also occurs at -10 °C, but at -20 °C is slow enough so that hydroxy ketone 3a to be isolated in 88% of chemical yield at 20 h of reaction and no variation of the enantioselectivity was observed during this period (see SI). Solvent effects were also probed at -20 ºC ( Table 1 , entries 15-17) and it was found that toluene was ideal for this process. In CH 2 Cl 2 the enantioselectivity was similar but the chemical yield decrease. In hexane 2a was poorly soluble at -20 ºC while in ethereal solvents the results were very poor in terms of enantioselectivity. On the other hand, catalyst loadings also had a significant effect on the enantioselectivity. A considerable decrease in the enantioselectivity was perceived when the catalyst loading was reduced to 10 mol % ( entry 18 ). In addition, the use of 2 equiv of phenylacetylene and dimethylzinc instead of 4 equiv resulted in a much slower reaction and poor chemical yield. After determining the optimal reaction conditions (4 equiv of phenylacetylene and dimethylzinc, 20 mol % of 1b as ligand, at -20 ºC in toluene for 20 h), the substrate scope was explored Reaction conditions: 0.15 mmol (1.0 equiv) of 2a, 0.6 mmol (4.0 equiv) of dimethylzinc and 0,63 mmol (4.2 equiv) of phenylacetylene. b Yield of isolated product after purification by flash column chromatography. c Enantiomeric ratio determined by HPLC on a chiral stationary phase (see SI). d Variable amounts of the starting diketone 2a were recovered. e Only 0.3 mmol of dimethylzinc (2.0 equiv) and 0.31 mmol (2.1 equiv) of phenylacetylene was used.
in the alkynylation of a series of aromatic and aliphatic αdiketones, and the results are collected in Scheme 2.
The enantiocontrol seemed not to be influenced by electronic or steric effects and the alkynylation of diverse ortho, meta and para-substituted aromatic α-diketones was promoted with good enantioselectivity. Electron-donating (diketones 2b-d) and electron-withdrawing substituents (diketones 2e-g) were tolerated in the aromatic ring without significant changes of the selectivity. Even a more bulky diketone such as the 2-naphthyl 2i was alkynylated although with a somewhat more moderate chemical yield and selectivity (62%, 89:11 er). The scope of the reaction was further explored and heteroaromatic 2h and enolizable aliphatic 2j and 2k diketones were subjected to the alkynylation protocol. Products 3h, 3j and 3k, respectively, were delivered with selectivities greater than 97:3 er.
The diketones 2c, 2f, 2g and 2i were dissolved in dichloromethane for addition on the alkynyl zinc because of their insolubility in toluene at -20 ° C. The enantioselectivity for the alkynylation ketone 2c was slightly lower in dichloromethane than in toluene (88:12 versus 90:10 er) as in the case of ketone 2a (see entries 15 versus 8 in Table 1 ).
To test the generality of this reaction respect to the alkyne, alkynylation of diketone 2a with the aliphatic terminal alkynes 4-phenyl-1-butyne and 3-(tert-butyldimethylsilyloxy)-1propyne was also performed. The corresponding α-hydroxy ketones 3l and 3m were isolated with good chemical yields. However, when trimethylsilylacetylene was used as terminal alkyne, the α-hydroxy ketone 3n was obtained in only a 37%.
The enantioselectivity was good for 3m but moderate for 3l and 3n.
On the other hand, enantioselectivity can be improved although at the expense of a significant loss of chemical yield if once the hydroxyl ketones 3 were formed at -20 °C, the kinetic resolution is allowed to occur at 0 °C for 4 h. In this way the hydroxyketones 3a and 3b were prepared with an enantioselectivity of 97:3 and 95:5 er respectively.
In order to increase the substrate generality we decided to explore the regio-and enantioselectivity in the alkynylation of nonsymmetrical diketones (Scheme 2).
To our delight, the alkynylation of aromatic diketones with electronically different substuents on the aromatic rings proceed with high regioselectivity. As expected, the alkynylation of diketone 2o with an electron-donating methoxy group on one of the aromatic ring and an electron-withdrawing chlorine on the other occurs preferably on the carbonyl group attached to the ring with the withdrawing group. After 20 h of reaction at -20 ºC a mixture of hydroxy ketones 3o and 4o were obtained in a ratio 93:7 and 72% of chemical yield. The enantioselectivity for mayor product 3o was 92:8 er. When the reaction was stirred four additional 4 hours at 0° C minor hydroxy ketone 4o was no observed in the 1 H NMR spectra of the reaction mixture and 3o was isolated in a 48% of chemical yield and a 96:4 er. On the other hand, alkynylation of diketone 2p with two methoxy groups in one of the aromatic rings proceeded with total regioselectivity and only the formation of hydroxy ketone 3p (95:5 er) was observed in the H NMR spectra of the reaction mixture after 20 h of reaction at -20 ºC. However, the alkynylation of the alkyl aryl diketone 2q provided a mixture of hydroxy ketones 3q and 4q without regioselectivity althougt with high enantioselectivity (97:3 er for 3q and 95:5 er for 4q).
The configuration of the newly formed stereogenic center of 3o was established by X-ray diffraction analysis 23 and has been extended to all the other hydroxyketones 3a-q, 4o and 4q based on mechanistic analogy.
Finally, in order to investigate the mechanism of kinetic resolution of the resulting α-hydroxy-α-ynyl-ketones we centered our attention in the alkynylation of aliphatic diketone 2j. A detailed monitoring of reaction of 2j showed that for aliphatic diketones kinetic resolution occurs at -20 °C (see the Supporting Information). The only byproducts formed in the reaction were the meso diol 5j and the chiral diol 6j ( Figure 1 ) generated by a second addition of the alkynyl zinc derivative to the α-hydroxy ketone. In the reaction conditions the minor R-enantiomer of the hydroxy ketone 3j reacts faster than the major S-enantiomer and the enantioselectivity of 3j improves but the chemical yield decreases. In conclusion, we have developed an efficient enantioselective phenylacetylene addition to α-diketones in the presence of ZnMe 2 using a chiral perhydro-1,3-benzoxazine ligand. This process provided a convenient method to access enantioenriched α-hydroxy-α-ynyl-ketones.
